For agroindustry, crop diseases constitute one of the most common problems that generate great economic losses and low production quality. On the other hand, from the field of computer science, several tools have emerged that may improve the prevention and treatment of these diseases. In this sense, recent research proposes the development of expert systems to solve this problem, making use of data mining and artificial intelligence techniques like rule-based inference, decision trees, Bayesian network, among others. Furthermore, graphs can be used to store different types of variables present in a crop environment, allowing the application of graph data mining techniques like graph pattern matching. In this paper, we present an overview of the above issues and the proposal of an expert system for crop disease based on graph pattern matching. Sistema experto para enfermedades en cultivos basado en emparejamiento de patrones en grafos: una propuesta Resumen Para la agroindustria, las enfermedades en cultivos constituyen uno de los problemas más frecuentes que generan grandes pérdidas económicas y baja calidad en la producción. Por otro lado, desde las ciencias de la computación, han surgido diferentes herramientas cuya finalidad es mejorar la prevención y el tratamiento de estas enfermedades. En este sentido, investigaciones recientes proponen el desarrollo de sistemas expertos para resolver este problema haciendo uso de técnicas de minería de datos e inteligencia artificial, como inferencia basada en reglas, árboles de decisión, redes bayesianas, entre otras. Además, los grafos pueden ser usados para el almacenamiento de los diferentes tipos de variables que se encuentran presentes en un ambiente de cultivos, permitiendo la aplicación de técnicas de minería de datos en grafos, como el emparejamiento de patrones en los mismos. En este artículo presentamos una visión general de las temáticas mencionadas y una propuesta de un sistema experto para enfermedades en cultivos, basado en emparejamiento de patrones en grafos.
INTRODUCTION
In Colombia, according to the National Plan for Science, Technology and Innovation; agroindustry is a traditional production sector in the country and it's productivity can be significantly improved through the use and application of Information and Communication Technologies (ict) [1] . The objective of this sector is to obtain high quality products to meet global market requirements. To achieve this, the most frequent problem they face is the presence of diseases in crops that can cause large production losses. For this reason, several institutions of the agricultural sector have invested resources to implement ict solutions to their problems. Moreover, these institutions have experts that perform several researches to identify the causes of diseases that affect crops and to propose the best possible treatments.
Computer science proposals have been made to reduce the effects caused by different diseases and pests in crops. One of the solutions used for this purpose is expert system, a system that uses human knowledge stored in a computer to solve a problem that requires human expertise [2] . For this purpose, different techniques of artificial intelligence are adressed, such as decision trees, bayesian networks, among others. Likewise, there is a trend in computer sciences to use graphs, which have a dynamic nature and consist of a set of nodes that are connected through edges, as data structure. Data structure in graphs can be exploited for storage and analysis in a crop environment, where there are different types of entities and variables related to ach other.
Various studies propose the development of expert systems to detect and recommend a treatment for diseases in crops. Several of them make use of decision trees as prediction models, given a knowledge base, which categorizes a number of conditions to reach the solution of a problem. However, these approaches do not consider the representation of knowledge base and decision trees as graphs. Under this approach, graph data mining techniques could be exploited [3] [4] [5] [6] .
This article focuses on presenting an overview of graph pattern matching techniques and expert systems used in agriculture for detection and treatment recommendation of diseases in several crops. The review motivates us to present a proposal of an expert system for crop disease based on graph pattern matching. The remainder of this paper is organized as follows: Section II describes expert systems used in agriculture and the graph pattern matching approach. Section III refers to the most relevant research found on these topics. Section IV reviews algorithms and techniques used, and describes our proposal. Section V presents a case study; and Section VI relates the conclusions.
BACKGROUND
There are three areas of importance to this proposal: expert systems, rules generation through decision trees, and graph pattern matching. First, an expert system is a branch of artificial intelligence composed of a number of tools that make use of human knowledge stored in a computer in order to solve a problem [2] . Indeed, the knowledge used in these systems comes from people who have a high degree of expertise in the area in which is necessary to make a decision or find a solution to a given problem. Under these conditions, expert systems have been implemented in many areas of knowledge.
Broadly, the structure of the expert systems is composed of: a knowledge acquisition subsystem, responsible for the accumulation, transfer and transformation of knowledge base, from expert information; a knowledge base, which contains the knowledge used to understand, formulate and solve a problem; inference engine, consisting of techniques and algorithms that have the ability to draw conclusions; a user interface, used for communication between user and computer; and finally, an explanation subsystem used to justify the solution given by the system [7] . Additionally, expert systems make use of one or more techniques of artificial intelligence (decision trees, bayesian networks, supervised learning, etc.) to improve their reasoning and thus inferring better results over knowledge base. Precisely, Decision Tree Induction (dti) is a technique that aims to generate models (classifiers) that relate the different variables and classes contained in a dataset, using symbolic and interpretable representations for understanding decision limits and implicit logic in existing data. Furthermore, it is possible to re-express complex decision trees as small sets of rules that outperform the original trees when classifying a new dataset is required [8] .
On the other hand, we have the graph pattern matching problem. A graph consists of nodes that represent entities and edges that represent links or relationships between these entities [9] , allowing the characterization of the distribution of large sources of information, strategic positions of its' elements, and dynamics within a knowledge base [10] . This representation generally cares about the syntax and not the semantics. The latter allows to enrich and generate additional information from stored data [11] . A graph that considers semantic structures consists of ontology classes (nodes) and relations between them (connections) [3] .
In turn, there is a technique in data mining in graphs called graph pattern matching, which is defined: "given a data graph G, and a pattern of graph Q, find all matches of Q in G" [6] . These types of search are usually aimed at finding entities with specific characteristics in their attributes and relationships with other nodes in the graph. In this sense, the searched pattern can be seen as a series of conditions within the attributes of the graph, similar to the assessment made by decision trees.
RELATED WORK
This studies are focused, on one hand, on the development of expert systems for crop diseases and, on the other hand, on graph pattern matching techniques and algorithms.
Expert Systems:
Expert systems aim to generate solutions to specific problems through the analysis of a series of facts and rules produced by people with a degree of expertise within an application area. In the first approach considered in this area, carried out by Mansingh et al. [12] , an expert system to manage pests and diseases of coffee in a developing country is presented. This system considers a knowledge base, consisting of rules and facts created from the knowledge of experts in coffee pests and diseases, an inference engine and a module for explanation.
Similar to the previous work mentioned, in [13] an expert system to assist in the diagnosis of coffee diseases is built, based on the analysis of plants carried out by the farmer. The system structure is based on fuzzy logic techniques and decision trees, used to represent a number of present conditions given the existence of any disease, these conditions are defined by experts.
In [7] , the proposed system makes use of condition-ending type rules (if-then) and builds from expert knowledge. Besides, the user may enter different crop parameters and these variables are used by the generated rules as a data source to perform the inference process. The evaluation process makes use of measures of satisfaction by users and experts, such as validation (which checks whether the recommendation given by the system is correct) user acceptance; and clearly, the gathering information process. Added to this, there is an evaluation of some case studies conducted by samples containing controlled parameters that have been defined by the expert contributors of the project.
Lastly, in [14] and [15] expert and decision support systems are developed which consider climate information obtained from meteorological sensors and knowledge of people with experience in the domain where they are applied. First, in [14] the expert system works in parallel with a decision support system. On detection of a risk situation, the expert system is invoked to help the user take action against the problem. Second, in [15] the expert system becomes a guide for users according to the weather forecast obtained by monitoring different meteorological variables.
Decision Trees
There are several approaches that propose using decision trees in agricultural environments. In the research carried out in [16] , two algorithms, decision tree induction (dti), and a variant of dti combined with Rough Set are used. dti is based on finding a hypothesis or rules within a set of examples. The algorithms described are part of a set of techniques used to generate mango disease warnings in India. Research presented in [17] proposes the use of fuzzy decision trees to generate coffee rust warnings. These models represent thresholds for different variables involved in these problematic situations for both disease prevention and treatment. Meanwhile, in research conducted by Mahmoud Omid [18] , the design of an expert system for sorting pistachio nuts through decision trees and a fuzzy logic-based classifier is presented. In this case, the discovery of relevant fuzzy rules was achieved using the decision tree algorithm. In the study presented by Millers et al. [19] , the objective was to relate weather data with the severity percentage of wheat scab from decision tree induction.
Graph Pattern Matching
Within graph data mining, pattern matching is one of the techniques most explored by researchers. Below, various research papers that propose techniques and optimizations for matching patterns in graphs are described.
Firstly, in [20] a software called Graph Matching Toolkit (gmt) is presented. It allows to graphically construct graph patterns for their search. gmt uses an algorithm called TruST [21] to perform the pattern matching process, which generates a binary search tree to analyze graph nodes. The system proposed in [22] , called G-Path, aims to find patterns on large graphs. In order to demonstrate the system's operation , the authors construct a web application that allows searching for entities and relationships in large volume graphs. With a similar purpose, [23] addresses the problem of matching similar vertices of graph pairs in parallel, commonly found on large graphs databases. This approach makes use of a technique called Network Similarity Decomposition (nsd), submitted by the same author in [24] .
Meanwhile, in [25] an algorithm for graph isomorphism at large scale is shown. This algorithm is an improvement of the VF algorithm [26] , called VF2, where data structure used for the exploration of search space is enhanced. The proposed methodology is implemented in a manner that significantly reduces memory requirements for execution. With this, the VF2 algorithm evaluation is presented and compared with Ullman's algorithm [27] , obtaining better performance measures in memory usage and execution time for VF2, especially in large graphs. These two algorithms (VF2 and Ullmann) are addressed in other studies, like in [28] where the most important theoretical foundations of graph matching and isomorphism between two graphs or sub-graphs are discussed, as well as its two approaches: exact and inexact. To carry out this research, the Ullman Algorithm was used as a starting point.
Besides, there are graphs with special features that require special analysis. Firstly, Moustafa et al., [29] try to deal with the problem of uncertain graphs with identity linkage uncertainty through the creation of a set of algorithms based on two ideas: context-aware path indexing and reduction by join-candidates. In second place, Yamasaki et al., [30] deal with a special kind of query graph where no vertex is totally surrounded by edges, called outerplanar graph pattern. Lastly, [31] 
The review conducted shows that there are many researchers that have interest in matching patterns in graphs. Due to this, graph as data structure becomes important within computer science.
DISCUSSION
In the previous section a revision of the state of the art about expert systems and graph pattern matching was presented. For expert systems, the search query was bounded to "crop disease expert systems" in order to find research that pointed to the development of these systems for prevention and treatment recommendation of diseases in different crops. Most proposals presented in the papers mentioned make use of inference engines based on rules to analyze the problem's characteristics and create a solution or suggestion. Thus, knowledge from experts is modeling through ''if then...else'' rules form. However, there are some research approaches that consider the use of artificial intelligence techniques, like decision trees to classify data involved in the problem addressed and to generate new knowledge that may be used by the expert system.
For the area of graph data mining, the search query was "graph pattern matching". These approaches are based on proposing improvements to well known algorithms, generating new algorithms and more efficient techniques for problem matching in graphs, and to deal with graphs characteristics like attributes in nodes and edges, outerplanar graphs, among others. The most used algorithm is VF2 [26] , which represents the basis of new proposals seeking to improve their efficiency and performance over large graphs databases. This algorithm can be described by means of the state space representation (ssr). In each state, a partial mapping solution is maintained and only consistent states are kept. These states are generated using feasibility rules that remove pairs of nodes that cannot be isomorphic.
Based on the review of the state of the art mentioned, the gaps described in table 1 were defined. Expert Systems Systems make use of rules built from expert knowledge and data mining techniques such as fuzzy logic and decision trees. Additionally, these systems are built for a specific application domain, equal or close to this work.
A graph-based representation of rules extracted from expert knowledge or through data mining techniques is not considered.
Decision Trees
Used to detect favorable conditions for diseases in different types of crops, facilitate the analysis of the relationship between variables involved in a disease, and can be supplemented with expert knowledge.
They are not considered validation and representation of rules within an expert system from a graph-based representation, taking advantage of their expressiveness, interpretability and reasoning advantages.
Graph Pattern Matching
Techniques proposed to improve the efficiency and quality of matching algorithms. Also, to address the management of large amounts of data in graphs of considerable size and to consider two matching types: precise and fault-tolerant.
This technique is not applied in expert systems in order to validate the rules extracted from expert knowledge or through data mining techniques.
Source: authors
Using the review and gaps described above as a starting point, we considered some research about graph-based representation of knowledge and rules. Knowledge representation as graphs keeps essential properties of modeled objects, provides advantages for reasoning and enables greater expressiveness, establishing relationships between entities and specification of attributes in nodes and edges. Also, graphs are easily interpreted, and reasoning can be graphically represented in a natural manner using the graphs themselves [32] .
On the other hand, expert systems are based mostly on rules that analyze the different parameters involved in a problem and that may constitute a large ruleset. Precisely, there are some problems in large rulesets (integrity, conflicting rules, missing rules, duplication, subsumption) that can be addressed through their representation based on graphs [33] . In [34] the author makes use of the Conceptual Graph (cg) formalism [35] with its reasoning operations for the comparison and integration of several conceptual graph rules corresponding to different experts viewpoints. The graph-oriented approach allows combining knowledge, user experience and semantic techniques into an expert system. Similarly, Buche et al., [36] use cg to build labelled graphs that represent rules, knowledge and facts. The knowledge base obtained can be further enriched through semantic concepts and ontologies. Furthermore, graph-based representation (directed acyclic graph) can improve the efficiency of rule execution, incorporating expert and statistical knowledge [37] .
Considering the use of rulesets in expert systems, drawn from the knowledge produced by experts and extracted through data mining techniques, it is possible to represent each rule as a graph pattern. More specifically, the ruleset can be defined as a set of graph patterns ( )
Rn . Thereby, we can define Graph Pattern Matching approach as follows: "given a data graph G, and a set of patterns R, find all matches of R in G". This process finds the sub-graphs ( ) , M R G that comply with the conditions established in each rule. Moreover, the graph pattern concept supports the interaction of the domain expert (being able to express his/her current level of knowledge) and can be used with data mining techniques to improve the pattern construction [38] .
The foregoing considerations motivate the development of an expert system to detect diseases in crops, based on graph pattern matching as a validation technique of rules and knowledge produced by experts. Furthermore, graph patterns may represent the classification generated by artificial intelligence and data mining techniques, applied to a dataset obtained after crop monitoring.
PROPOSAL
Taking in account the previous considerations, our proposal is based on the modules exposed in figure 1 . These modules represent the analysis process of expert system and its components are described below:
• Expert knowledge: contains a set of rules and facts involved in the detection of crop diseases. From several researches, experts determine disease cycles and how external factors (such as climatic conditions and agronomic properties) affect each cycle stage, which allows characterizing the disease and generating predictive variables for rule extraction, making use of classifiers.
• Rule generation: composed by a decision tree Induction technique, responsible for generating new classification rules based on analysis of data obtained from monitoring crops and their properties, where each ruleset is given as a classifier. Models generated from decision trees are of symbolic nature and easily interpretable.
• Dataset: contains different parameters and monitoring data of crops. • Graph parser: is responsible for transforming the information contained in the dataset to a graph-based representation. In order to include the variety of semantics contained in crops environment, a data graph is defined as ( )
, where V denotes a finite set of nodes that represent entities within an environment, connected by direct links or vertices E , such that E VxV ⊆ correspond to the relationships between nodes of the graph and L is a function defined in V so that
L v may indicate semantic variety mentioned as types of relationships, properties of nodes, etc. With this in mind, Graph parser is in charge of taking the information from the dataset to perform the transformation. The first step is to identify the different types of entities that exist in the dataset such as weather conditions, crop physical properties, crop management, among others. From this, a central node that represents the crop associated with an instance is determined, and a set of nodes that represent the data in this instance (which are labeled according to the corresponding entity type) are generated. As a next step, these nodes are interrelated and node labels describing values for the instance variables are added. As a result, a data graph that contains information about climatic conditions and agronomic properties of crops is obtained in a more expressive and interpretable representation.
• Graph Repository: graph database containing information extracted from the dataset in a graph-based representation.
• Pattern Modeling: is responsible for generating graph patterns to be evaluated, based on classifiers and rules created from expert knowledge. In this process, first, the generated classifiers must be expressed as "if ... then" type rules through the analysis of each decision tree leaf. From these rules and generated from expert's knowledge, a ruleset for the disease to be identified is obtained. As a result, each rule can be represented as a graph pattern, based on [39] that defines a graph pattern as
( )
, , , = p p v e Q V E f f , where:
• p V is a set of nodes and p E is a set of directed edges, as they were defined for a data graph.
f is a function defined in p E , so for each edge ( ) Thereby, these functions can be used to specify semantic search conditions or variable ranges, defined by labels in terms of Boolean predicates. Thus, the patterns condition the search to instances where favorable conditions for a crop disease exist.
• Graph Pattern Matching: composed of one or more graph pattern matching algorithms which validate the rules, expressed as a graph pattern, in order to find favorable conditions for the development of a crop disease. For this task, an adaptation of VF2 algorithm is considered. This adaptation performed an evaluation of labels values contained in nodes and relationships. In this way, the search conditions are more focused on the analysis of nodes and relationship labels, leaving the topological structure matching in background, which can improve the performance of the matching task. As a result, it is possible to find within a graph database, the subgraphs matching each pattern, which in this case correspond to crop registers where there is a risk of some disease ocurrence.
CASE STUDY
To illustrate the process carried out in the proposed system (Figure 1 ), a case study to detect favorable conditions for rust development in coffee is presented.
Coffee rust is still the main pathological problem in coffee cultivation. Research conducted by experts suggests that this disease is closely related to the physiological development of the crop, the production level of the plant and the distribution of some climatic variables such as temperature, humidity and rain. The knowledge produced by these experts is expressed through rules and facts that describe the relationship between different parameters involved in the development of coffee rust.
On the other hand, the Rule Generation module applies one or more data mining techniques to the crop information extracted from the dataset. Its purpose is to relate variables that characterize a crop in past episodes of the disease, taking into account the suggestions of the experts, in order to generate classifiers that can categorize new measurements and relate them to a favorable or unfavorable condition for an epidemic of coffee rust. In the case of applying a decision tree algorithm, each classifier would represent a branch of the decision tree, and therefore, this can result in a large ruleset.
The Pattern-Modeling module receives the rules and facts extracted from the expert knowledge and the classifiers given by the Rule Generation module. With such information, this module generates graph patterns, expressing the rules to be evaluated. Graph patterns can represent existing conditions within the rules that evaluate monitoring data and crop properties, relationships that a crop unit may have with others, its' flowering timing, fruit pending load and maintenance data (assuming that these are decisive factors for the appearance of rust in coffee). Figure 2 shows an example of the structure of a resulting graph pattern.
The graph pattern shown expresses the different conditions contained in one of the rules produced by experts and extracted by the Rule Generation module. Moreover, graph-based representation relates entities from different domains such as Instance, related to meteorological information taken at a specific date and containing ranges of climatic variables and including the Flowering entity, related to a property of the coffee crop. In a traditional representation of rules, a rule is required for each domain, resulting in a large ruleset where the maintenance operation may result in an inconsistency, as well as in unstructured rules [33] .
The Graph parser module generates a graph-based representation of the dataset that contains the monitoring data and properties of coffee crops. The result of this process is a graph called data graph.
Finally, the graph pattern matching module takes the data graph and generated patterns to find subgraphs matching these patterns. Given that, graph patterns represent rules and classifiers obtained in previous steps and subgraphs that result from applying a graph pattern matching technique that represent instances in which condi-tions favorable to the emergence of disease in the crop are met. Considering the graph pattern example mentioned above, resulting subgraphs obtained in this module met the conditions given for the Instance entity (values of climate variables were within the range set in the pattern), flowering dates coincided with the Flowering entity contained in the pattern, and the status of fruit pending load was the same as such entity consulted through the pattern.
In this way, a ruleset could be expressed through graph patterns to get a better expressiveness, deal with the known problems on large rulesets, and support the inclusion of other technologies related to graphs as ontologies, semantic inference engines and other Web 3.0 approaches.
CONCLUSIONS
This paper conducts a review of research carried out in recent years in the areas of expert systems for crop diseases and graph pattern matching techniques. In the first area, the systems developed make use mostly of rule-based reasoning. Additionally, some approaches propose the use of artificial intelligence techniques in expert systems as tools to generate inferences or new rules. However, there are some problems in large rulesets and its maintenance (integrity, conflicting rules, missing rules, duplication, subsumption). In the area of pattern matching, researches propose improvements and capabilities to be applied to graphs of different types and characteristics. Precisely, the expressiveness of graphs as data structure can be exploited to represent rulesets generated within an expert system, deal with problems on large rulesets and validate each rule making use of graph pattern matching techniques. The above considerations motivated us to propose an expert system for crop disease based on graph pattern matching. As future work, we intend to implement the above proposal, in order to generate the mentioned expert system that implements an improved quality of analysis applied to different variables of Colombian crops and, thus, generate early warnings for several crop diseases.
